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When a  compound enters a  living cell until its activity becomes greater in- 
side than outside it may be said to accumulate? Work must be done to bring 
this  about.  We  know  that  metabolism  furnishes  the  necessary energy.  The 
problem is to discover the mechanism involved. 
When  any  constituent  of  a  compound does  not  attain  a  higher  activity 
inside than outside although the other constituents are able to do so we have 
what  may be  called  partial  accumulation. This  may require  little  or no ex- 
penditure of energy. 
If,  for example,  an  anion A- is  unable  to  escape  from the protoplasm,  a 
Donnan equilibrium may be set up. If we use the subscripts I  and O to denote 
activities inside and outside, respectively, we may have, in terms of millimols 
per liter,  K~  +  20 balanced  by Ax-  1S +  C1C 5 and outside Ko  + 10 +  Clo- 10. 
We then have (Kx  +) (CIc) --- (20) (5) =  100,  and (Ko  +) (Clo-) =  (10) (10) ~= 100, 
so  that  the  ionic activity products inside  and outside are equal.  Here Kx  + is 
greater  than  Ko  +  but there  is  no accumulation of the compound KC1  since 
(Kx  +) (CII-) =  (Ko  +) (Clo-). There is no accumulation of the compound KA since 
it does not enter from without and A- does not exist outside the cell. Here we 
may speak of the accumulation of K + but not of KC1. It may be noted that 
the osmotic pressure  is higher inside  so that if water is  allowed to enter the 
internal values will change. 
If a  weak electrolyte HA penetrates  and  the  solution inside  has  the  same 
pH as the external  solution the activity of the undissociated molecule HA is 
x  The entering  substance  must be  identical  inside and  outside.  For the  sake  of 
clarity we may confine the discussion to instances  where as  in Nitella  the activity 
of each of the entering  compounds is greater inside than outside. In Valonia the same 
principles apply but the situation  is less simple since the activity of KC1 is greater 
inside and that of NaC1 is greater  outside. The situation  when two salts with a com- 
mon ion penetrate together may be illustrated  as follows: If KC1 and KNOB enter 
simultaneously  we  may say that  the  compound  KC1  accumulates  as  soon  as  the 
ionic activity product (K  +)  (C1-) becomes greater  inside than outside. 
It is  assumed  that  the  internal  and  external  temperatures  are  the  same  in  all 
cases. 
When K  + and C1- are unequal,  electrical neutrality must be maintained  by other 
ionic species in the solution. For a brief abstract of this paper see Osterhout,  W. J. 
V., Biol. Bull., 1950, 90, 308. 
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at  equilibrium  the  same inside  and  outside.  Let us  suppose  that  this  has  a 
value of 0.01  M and that  the dissociation constant k  is 0.01  so that we have 
both inside and outside  (HA)(k)  =  (H+)(A  -)  or  (0.01)(0.01)  =  (0.01)(0.01). 
If NI-I,  OH is produced  by metabolism and the internal pH is raised so that 
H + inside becomes 0.001  and HA inside remains 0.01  in equilibrium with the 
outside value we have inside  (HA)(k)  =  (H+)(A  -)  or (0.01)(0.01)  =  (0.001) 
(0.1).  This means that  A- inside  has risen  from 0.01  to 0.1.  To accomplish 
this A- is split off inside  from HA and more A- diffuses in  until  HA inside 
regains the value of 0.01  which is equal to HA outside. 
It may be noted that this increases the osmotic pressure inside and if water 
is allowed to enter the internal values will  change. 
The value of A- is higher inside than outside but there is no accumulation 
of a compound since the value of the product (H+)(A  -) is the same inside and 
outside and HA inside equals HA outside. 
We may estimate  the  amount  of NH4OH as follows: At the  end we have 
(~)(k)  =  (H+)(A  -)  or  (0.01)(0.01)  =  (0.001)(0.1).  To balance 0.1A-  we 
need  in addition  to H +  0.001  the  difference between 0.1  and  0.001  or 0.099 
NH,  +. 
In experiments  on Valonia ~ ammonia  penetrated,  and in the  experiments 
of  Irwin  ~ a  basic  dye  (a  weak  electrolyte)  penetrated  into  Nitella  and  the 
colored  cation  reached  a  much  higher  concentration  inside  than outside  but 
there is no reason to  suppose that any accumulation of a compound occurred. 
This also applies to the model used by Irwin  ~ in which a  layer of chloroform 
replaced the living protoplasm. 
The result is what might be expected if the dye is regarded as DOH disso- 
ciating into the colored cation D + and OH-. The pH of the external solution 
was much higher  than that of the cell sap in which the dye collected. Hence 
if k  is  the dissociation  constant  we have  (DOH)(k)  =  (D+)(OH-).  The ac- 
tivity of the undissociated  molecule D0H is the same inside and outside  but 
inside the value of D + is high and that of OH- is low while outside the reverse 
is true. 
Models in which an ion reached a  higher activity inside than outside with- 
out any accumulation of a compound have been set up  by Northrop  ~ and  by 
Osterhout and Stanley  6 in addition to the model of Irwin already mentioned. 
In  the  models  of Northrop,  substances  present  in  molecular form in  the 
external solution penetrated and set free ions inside as the result of chemical 
2 J~eques,  A.  G., J. Gen.  Physiol.,  1938, 22, 521. Cooper,  W.  C.,  and Osterhout, 
W. J. V., J. Gen.  Physiol.,  1930, 14,  117. 
3 Irwin, M., J. Gen. Physiol.,  1926, 9, 561; 10, 75. 
4 Irwin, M., Proc. Soc. Exp. Biol. and Med.,  1932, 9.9, 993. 
5 Northrop, J. H., J. Gen. Physiol.,  1929, 13, 21. 
e Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol.,  1932, 15, 667. w.  j.  v.  OSTER~IOV~  581 
reaction  (see page 584).  In  the  models of Osterhout  and  Stanley  the  proto- 
plasm was replaced by a  layer of guaiacol. When KOH was placed outside it 
united with the guaiacol to form a compound which passed inward and reacted 
with  COs  to  form KHCO8  in  the  artificial  sap,  where  COs  was  constantly 
bubbled to imitate its production  in the sap of the living cell  (see page 584). 
Hence the concentration of K + became much greater inside than outside. 
In none of these models is there accumulation of a compound which appears 
in the same form inside and outside, but with a higher activity inside. But there 
may be an expenditure of energy. 
The energetics of ionic penetration has recently been discussed by UssingY 
The  fact  that  accumulation  occurs only with  electrolytes  suggests  that  it 
may consist in trapping ions within the cell. 
The  protoplasmic  surface  is  covered  with  a  non-aqueous  layer  which  is 
permeable to molecules but almost impermeable to ions.  8 Hence free ions can- 
not enter except in very small numbers. 
The  experiments  show  that  the  protoplasmic  surface  is  not  a  system  of 
charged  pores.  For  example,  in  Valonia  K +  has  a  higher  mobility than  C1- 
and Na  + has a lower mobility than CI-, and in Nitella, under some conditions, 
the  mobility of K +  is  greater  than  that  of OH- and  this  in  turn  is  greater 
than that of Na  +.  In a  system of charged pores all cations have a  higher mo- 
bility than anions or vice versa? 
The experiments indicate that the ions combine at the outer surface of the 
non-aqueous  layer with  organic molecules and  are  thus  able  to enter  freely. 
If upon reaching the  aqueous protoplasm these molecules are decomposed or 
altered so as to set the ions free, the ions must be trapped  since they cannot 
pass out except in very small numbers. 
The  situation  may be studied  advantageously in  such  large plant  cells as 
those  of the  fresh water plant Nitella and  of the  marine plants  Valonia and 
Halicystis where the sap can be obtained without contamination and subjected 
to  chemical  analysis.  For  this  reason  the  discussion  will  be largely confined 
to these cells. 
The cells of Nitella studied were over 6 cm. long and about 0.5 mm. in diam- 
eter. In Valonia and in Halicystis the cells were usually 1 to 2 cm. long and a 
little less in breadth.  In all these cells the protoplasm forms a  layer about  15 
microns thick which surrounds a  large central vacuole filled with sap; outside 
the protoplasm is a cellulose wall very permeable to electrolytes. 
The protoplasm consists of a  watery layer, W,  with a  non-aqueous film, X, 
at the  outer surface and  a  similar film, Y,  at the  inner surface  bordering on 
7 Ussing, H. H., Physiol. Rev., 1949, 9.9, 127. 
8 Blinks,  L. R., Y. Gen. Physiol.,  1930, 13, 495. Curtis,  H.  G., and  Cole,  K.  S., 
J. Gen. Physiol., 1937, 21,189. 
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the vacuole,  a° Valonia and Halicystis have a  similar structure and the vacuole 
is much larger, so that relatively large amounts of sap can be obtained with- 
out contamination. 
It would appear that the salts in the sap of plant cells exist chiefly in ionic 
form since they consist largely of KC1 and NaC1. In Valonia the sap contains 
0.49 ~  KCI and 0.09 M NaC1 with only a  trace of organic matter,  u  In Hali- 
cystis  Osterhoutii  the  composition of  the  sap  closely  resembles  that  of  sea 
water and the osmotic pressure of the sap is slightly greater than that of sea 
water which means that the salts in the sap must be present in ionic form. 
In NiteUa flexilis  the  sap  contains  approximately 0.05  M KC1  and  0.05  M 
NaCI together with  some other  salts and  some organic matter.  The osmotic 
pressure is approximately what would be expected if the KC1 and NaCI were 
present in ionic form. 
Carrier  Molecules.--The  writer was led  to  the  idea  of carrier molecules by 
experiments on  Valonia  performed in  19302 and  later  discussed  from a  the- 
oretical point  of view.  1~ These experiments  suggest  that  ammonia enters  by 
combining with carrier molecules. 
Models were set up by Osterhout and Stanley  8 in  1932 to illustrate the idea 
that  ions  may enter  protoplasm by  combining  with  carrier  molecules  and 
reach the cell sap where they become trapped inside because they are set free 
as ions which cannot pass out except in very small numbers. 
In these models the  non-aqueous protoplasmic surface layer is represented 
by guaiacol, called for convenience HG. When KOH is applied externally KG 
is formed by the reaction, KOH +  HG =  KG +  H20. The KG passes inward 
to the artificial sap where it comes into contact with CO~ which is supplied con- 
stantly to imitate its production by the living cell. As a  result, K +  is set  free 
in ionic form. Owing to the relatively low pH K + has very little tendency to 
combine with guaiacol and is consequently trapped in the artificial sap where 
its concentration becomes much higher than in the external solution. 
If this scheme applies to living cells and the number of carrier molecules is 
limited, we shall find as we increase the external concentration  that  the rela- 
tive  rate  of entrance  (observed rate  -  external  concentration)  will  fall  off, 
and approach a  limit which depends on the number of carrier molecules. This 
is precisely what we find in the experiments of JacquesY 
10 In the eggs of Nerds the non-aqueous  surface layer appears to be liquid  rather 
than solid. See Osterhout, W. J. V., J. Gen. Physiol., 1950, 33,379. 
11 For a summary of analyses of the sap of large plant cells see Osterhout, W. J. V., 
Bot. Rev.,  1936, 2, 283. 
12 Osterhout, W. J. V., Proc.  Nat. Acad. Sc.,  1935, 21,  125. 
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The result of an experiment by Jacques is shown in Fig. 1. A nearly straight 
line would indicate the approximate rate of intake of guanidine which would 
be expected if the intake  were proportional  to the external  concentration  as 
in the case of entrance by simple diffusion. 14 The curve shows the values ex- 
pected if the entrance  of guanidine  (which may be called  GOH) depends on 
the  formation of carrier molecules of GR due  to  the  reaction  of GOH with 
HR at the surface of the non-aqueous layer according to the equation: 
GOH +  HR =  GR +  H20 
The amount of GR formed may be calculated by means of the equation: 
GOH(HRb -  GR,) =  k(GRe) 
where GOH is the external concentration of guanidine,  HRs is the concentra- 
tion of HR before any reaction occurs, GRe is the concentration of  GR when 
the reaction reaches equilibrium, and k is a constant. If we  put HRb =  0.00295 
.003 
FIol5 enterin  9 .00~ 
i/ite~  of ~up 
in unit time  .001 
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FIG. 1. Curve showing the rate of entrance of the strong base guanidine into Valonia 
as described in the text. The curve indicates the theoretical values and the solid black 
circles show the observed values. This indicates that the  rate of entrance of  guani- 
dine  depends  on  its  combination  with  carrier  molecules  and  approaches  a  limit 
because the number of carrier molecules  is limited.  If guanidine entered by simple 
diffusion  the  curve would  be nearly a  straight line,  only slightly concave  toward 
the absicissae. 
and k  =  0.02,  we obtain the values  of GR shown in the  curve in the figure, 
and if we assume that the number of tools entering  1 liter of sap in unit time 
is proportional to the value of GR, we should expect the solid black circles to 
correspond  to  the  calculated  curve  since  these  circles  show the  number  of 
tools entering 1 liter of sap in unit time (10 hours).15  The figure shows that the 
correspondence is very close and indicates that the rate of entrance approaches 
14 This line would be somewhat concave to the abscissae. 
15 The length of exposure was so long  (10  hours)  that  by comparison the  time 
required  for the formation of GR appears to be negligible.  This length of exposure 
suffices to show how guanidine  enters. A longer  exposure  is needed  to produce ac- 
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a  limit, which is set by the number of carrier molecules which are  combined 
with GOHY 
It would therefore seem that the rate of entrance of guanidine is limited by 
the number of carrier molecules available. 
It might be suggested  that  G  + enters by exchange with ions in  the  sap of 
Valonia  whose number is limited.  But  we find in  the  sap a  large number of 
ions available for exchange,  u 
Similar experimental results appear to have been obtained by later observers, 
e.g.  by Overstreet,  Broyer,  Isaacs, and Delwiche, 17 who studied  the  entrance 
of K + into excised barley roots, and likewise by Robertson, Turner,  and Wil- 
kins,  TM who studied  the entrance of KC1 into disks of beet and of carrot. 
In the models set up by Northrop  5 molecules present  in the  external solu- 
tion passed through  a  collodion membrane into  a  solution  inside  where they 
entered  into  a  chemical reaction which  set free ions which  could not  readily 
pass out.  In one model molecular iodine entered and reacted with thiosulfate 
to form iodide ions.  In another model mercuric chloride entered in molecular 
form and reacted with sodium chromate to set free the  chloride ions.  In still 
another model acetic acid  entered  in  molecular form and  reacted  to set  free 
acetate ions. 
In  the  models  of Osterhout  and  Stanley  6 the  artificial  sap  was  separated 
from the  external  solution  by a  layer of guaiacol.  The  KOH combined with 
guaiacol at its outer  surface forming molecules which  passed through  to  the 
artificial sap where they united  with CO2 to form KHCO3. A  similar reaction 
took place with NaOH but Na  + accumulated less rapidly than K +. 
Regarding the model of Irwin and the experiments of Irwin and of Jacques 
see page 580. 
It is not necessary to assume a  large number of carrier molecules since the 
entrance of such substances as Na  + and  CI- may be very slow. 
It seems possible that the carrier molecules are formed at the outer surface 
of the non-aqueous layer. Solid cellulose is formed exclusively in just this posi- 
tion in plant cells.  This seems to be true of a great variety of organic materials 
found at the surfaces of plant cells. 
We assume that such carrier molecules are unable to pass out through  the 
cellulose wall of plants or such other coverings as exist in animal cells. 
If the carrier molecules lower the surface tension at  the  outer surface  of X 
as might be expected in view of their organic nature, they will tend to remain 
le The guanidine  is measured in  the vacuole and it may be assumed that this is 
proportional to the amount in the protoplasm. 
1~ Overstreet, R.,  Broyer, T.  C.,  Isaacs, T.  L.,  and Delwiche,  C.  C.,  Am. Jour. 
Bot., 1942, 29, 227. 
is Robertson, R. N.,  Turner,  J.  S., and Wilkins,  M. J., Australian  J.  Exp.  Biol. 
and Med. Sc.,  1947, 25, 1. w.  5.  v.  OSTERHOtrT  585 
there; but if this tendency becomes less as they combine with ions they will 
tend to move inward to the aqueous protoplasm and their places will be taken 
by newly formed carrier molecules which have not yet combined with ions. 
In any case there will be a gradient of molecules which have combined with 
ions and such molecules will tend to move inward along this gradient. 
The assumption that the X  layer contains organic molecules in solution is 
supported by facts. There is good evidence that an organic substance  19 called 
for convenience R, in the X layer plays an important role in electrical reactions. 
Collander and  B~trlund  2° have shown that a  variety of organic substances 
passes through the X  layer in Chara and other plant cells. 
A variety of organic substances is taken up by the X  or the Y layer in suffi- 
cient  quantity  to  change  their  reactions.  These  include  aniline,  21  benzene,  = 
guaiacol,  = and hexylresorcinol3  * 
As the external concentration of a compound increases, the excess of internal 
over external concentration in the steady state will fall off. In the steady state 
the rate of increase of internal  concentration is  equal to  the rate  of intake 
minus the rate of outgo. If we wish to double the rate of intake in order to 
create a  new steady state,  we may find it necessary to increase the external 
concentration many  times since  intake  depends  on  carrier molecules whose 
number is limited. The rate of outgo is approximately proportional to the inter- 
nal concentration of free ions since they do not combine with carrier molecules 
in order to pass out. 
Steward,  ~5 studying the entrance of Br- into disks of potato, found it neces- 
sary to increase the external concentration tenfold in order to double the in- 
ternal concentration in the steady state. 
We arrive at a similar conclusion when we consider the penetration of NaC1 
and  KC1 into Chara  and  related forms studied by Collander.  2e He analyzed 
the sap of cells of the same  species growing in fresh and in brackish water. 
His figures show that as the external concentration increases, the internal con- 
centration does not keep pace but lags behind in striking fashion. This would 
be expected if the rate of entrance did not keep pace with the increase in ex- 
ternal concentration but lagged behind as in the case of guanidine (page 583). 
What is said about carrier molecules in the X  layer applies also to the Y 
19 Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol.,  1933, 17, 87. 
20 CoUander, R., and B~irlund, H., Acta Bot. Fennica, 1933, 11, 93. 
21 Osterhout, W. J. V., 3". Cell. and Comp. Physiol., 1941, 18, 129. 
22 Osterhout, W. J. V., J. Gen. Physiol.,  1941, 24, 699. 
28 Osterhout, W. J. V., J. Gen. Physiol.,  1936, 20, 13. 
24 Osterhout, W. J. V., J. Gen. Physiol.,  1941, 24, 311. 
25 Steward,  F. C., Protoplasma, 1933, 18, 208. 
26 Collander, R., Protoplasm.a, 1936, 25, 201. Osterhout, W. J. V., Bot. Rev., 1936, 
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layer since the salts which enter W  pass on through Y  and accumulate in the 
sap. 
The osmotic pressure of the protoplasm must be equal to that of the sap in 
the vacuole. 
It may be noted  that  when  the  cell  is killed  by reagents which  denature 
proteins,  it does not necessarily mean that the carrier molecules are proteins 
since proteins form a  part of the substrates on which the X  and the Y  layers 
rest,  and  if these substrates are altered the X  and  the  Y  layers may be de- 
stroyed. 
Trapping  of Ions.--The  ions  set  free  in  the  aqueous  protoplasm will  not 
pass out  except in  small numbers since  they are  only slightly soluble in  the 
non-aqueous layer X. This is evident since the electrical resistance of the pro- 
toplasm is very high, amounting in Nitella  8 to about  100,000 ohms per cm  2. Ions 
may pass out very slowly by uniting with each other to form inorganic mole- 
cules but such molecules are only slightly soluble in non-aqueous media such 
as X  and Y. 
When Nitella is placed in  distilled  water in light,  there  is little  or no  exit 
of ions.  This would be expected for the  reasons just  stated  and  also because 
outgoing ions on reaching the outer surface of X  would unite with carrier mole- 
cules and move inward just as if they came from outside. 
It would  seem that if K + were coming out,  it would  have more chance  to 
escape if  the  carrier molecules were  occupied with  Na  +  coming in  from  the 
external solution. This might explain certain observations indicating  that the 
addition  of ions  to  the  external  solution  promotes the  exit  of other  ions  by 
what is spoken of as ionic exchange. 
If K + and CI- pass out through X, it would be necessary for both to  move 
simultaneously as an ion pair unless in each case there were an ionic exchange 
as mentioned previously. 
Metabolism.--Both  constructive  and  destructive metabolism may promote 
accumulation.  The former is needed  to form carrier molecules and  the  latter 
causes their alteration or decomposition which sets ions free. 
Since  growth  is  accompanied  by  the  absorption  of  electrolytes,  anything 
which  promotes  growth  increases  accumulation.  In  this  connection  the  role 
of light is well known in green plants and its effect is strikingly shown in ex- 
periments on Valonia (unpublished results). 
Since  the  alteration  or decomposition of the  carrier molecules depends  on 
destructive  metabolism,  we  may  expect  a  correlation  between  destructive 
metabolism and  accumulation.  It is well known  that  such  correlation exists. 
This is evident since aeration increases accumulation.  This has been stressed 
by Steward 2~ and  by others. Increased accumulation often goes hand in hand 
27 Steward, F.  C., Ann. Bot., 1936, riO, 345;  Protoplasma, 1933, 18,  208;  Nature, 
1935, 135, 553; Tr. Faraday Soc., 1937, 33, 1006; J. Exp. Biol., 1934, 11, 103. W.  J.  V.  OSXWaHOtIT  587 
with  increased  production  of CO2 as stated  by Lundegardh  and  Biirstrom  2s 
and by others. The inward movement of carrier molecules into the protoplasm 
provides material for respiration  and perhaps promotes the  process in  other 
ways. 
When accumulation is depressed by anoxia or by low temperature, we might 
expect the ions such as K + which have a high mobility in X  to come out pref- 
erentially. This has been observed in erythrocytes by Harris  ~  and in nerves 
by Cowan  s° and by Fenn3 t 
Such  correlation with metabolism would not be expected if the entrance of 
electrolytes depended wholly on the movement of free ions. 
The alteration or decomposition of the carrier molecules in the protoplasm 
sets ions free and raises the osmotic pressure in W  and this is followed by an 
increase in osmotic pressure in the sap as ions move into the vacuole. 
Steady State.--A living cell cannot be expected to reach equilibrium but it 
may approach a steady state in which intake of ions (entering in combination 
with carrier molecules) is balanced by the escape of free ions through X. 
The substances in W  will of course make their way into the vacuole so that 
the  osmotic pressure  of the  sap will approach that  of W.  The experiments  ~ 
indicate that X  is somewhat more permeable to ions than Y  is. 
It seems possible that most of the K + which enters the protoplasmic layer 
W in NiteUa passes on into the vacuole where it reaches a higher concentration 
than in W. But W  may contain a  higher concentration of Na  + than is found 
in the sap which would help to make the osmotic pressure in W  approach that 
of the sap. 
Evidence for this is found in ceils of Nitella kept in distilled  water  ~  until 
the mobility of K + in X  fails to a low value. We then find that the normal out- 
wardly directed potential of 100 my. is maintained chiefly by the diffusion po- 
tential of KC1 in Y. This would  not be possible  unless W contained much  less 
K + than the sap. 
When cells of Valonia are placed in their own sap there is an inwardly di- 
rected P.D. of about 60 my)  4 This would be expected if W contained very little 
K + and the mobility of K + was very much higher in X  than in Y. 
Ionic Mobility.--We may expect that the rate of entrance of a given ion will 
not depend upon its mobility as a  free ion in the outer protoplasmic surface 
but on its ability to unite with carrier molecules at the surface as well as on 
2s Lundegardh, H., and Burstrom, H., Biochem. Z., 1933, 9.61,235;  1935, 277, 223. 
29 Harris, J. E., J. Biol. Chem., 1941, 14J., 579. 
s0 Cowan,  S. L., Proc. Roy. Soc. London, Series B,  1934, 115,  216. 
at Fenn, W. O., and Gerschman, R., J. Got. Physiol.,  1950, 33,  195. 
3~. Osterhont, W. J. V., J. Gen. Physiol.,  1943, 9.7, 139. Brooks, S. C., and Brooks, 
M.  M.,  The  Permeability  of  Living Cells,  Berlin-Zehlendorf,  Borntraeger,  1941. 
Brooks, S. C., J. Cell. and Comp. Physiol.,  1939, 14, 383. 
3~ Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933, 17, 105. 
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the number of carrier molecules available. This is in accordance with the facts 
since we cannot predict the proportions of various ions in the sap by measuring 
their apparent mobilities in the outer protoplasmic surface. 
This  is  illustrated  by  the  situation  in  ttalicystis  where  the  proportion  of 
cations in the sap is not very different from that in the surrounding sea water. 
This must mean that the apparent mobilities are approximately equal for all 
ions if penetration depends on these apparent mobilities and they are the same 
for X  and for Y. We find however for apparent mobilities in X, the following 
values:3~,  36 K + is 16, Na  + is 0.2, and Mg  ++ is 1.9 (when Cl- is taken as unity). 
It may be added that partition coefficients may influence the rate of entrance 
to some extent. If the activity partition coefficient is the same for K + between 
X  the  outer  surface  layer and  the  external  solution  as between X  and  the 
protoplasm the rate of entrance of K + as a free ion (without combination with 
carrier molecules) will not depend on the value of the partition coefficient. If 
the partition coefficient of K + is greater on the outside of X  than on the inside 
the rate of entrance may be greaterY 
Selective Action.--At the outer non-aqueous layer X  there is selective action 
which permits some ions to enter more rapidly than  others.  It is interesting 
to note that K + is usually preferred to other cations (except H+). 
This selectivity is to be expected if the ions unite with organic substances 
to form carrier molecules as  illustrated in the models where the  carrier mole- 
cules consist of guaiacol  6 and K + enters much faster than Na  +. 
If the  electrolytes entered  chiefly as  free ions,  the  selective action  would 
depend  on mobilities and  on apparent  ionic partition  coefficients between X 
and the external solution; but this does not seem to be the case. 
The selective action of the non-aqueous layers thus controls metabolism by 
regulating the entrance and exit of substances. These layers also regulate elec- 
trical effects by reason of their high electrical resistance and capacity. 
It may be noted that the order of ionic mobilities may be changed by the 
addition  of organic substances.  Thus in  Valonia the order of ionic mobilifies 
is normally K +  >  C1- >  Na  +. The addition of guaiacol reverses this order?  8 
All  that has been said regarding  the  accumulation of electrolytes in plant 
cells  applies  in  general  to  animal  cells  except  that  there  is no  large  central 
36 Osterhout, W. J. V., J. Gen. Physiol.,  1939, 23, 53. 
3~ The apparent mobility of Na  + may be regarded as proportional to UNs -- u~scN, 
as used in Henderson's equation. This value may be called the apparent mobility of 
Na  +. Here uN,  is the ionic mobility and c the concentration of Na  + in the surface 
layer X. The concentration of C1- is constant in the solutions  discussed.  Hence the 
rate of entrance of Na  + in ionic form may be regarded as proportional to the ap- 
parent mobility or UN,. 
a7 Irwin, M., Proc. Soc. Exp. Biol. and Meal., 1927, 15,  127. 
8s Osterhout, W. J. V., J. Gen. Physiol.,  1937, 20, 685. W.  J.  V.  OSTERHOUT  589 
vacuole in animal cells and we therefore have only a single non-aqueous layer 
to deal with. 
Growth.--When  ions enter,  they increase the internal osmotic pressure and 
this causes water to  enter so that  the cell increases in  size.  The  rate  of  in- 
crease depends  on several factors.  If the outside concentration and the num- 
ber of carrier molecules remain  constant,  the  rate  of intake  will  tend  to  be 
constant; but the outgo of ions by direct diffusion as ion pairs will increase as 
the  internal  concentration  of ions  increases.  When  the  outgo  of ions  equals 
the intake, growth will cease (unless non-electrolytes alter the results). 
Mechanical restraints  aid in bringing growth  to a  standstill.  This  is  espe- 
cially true of plants where the cell wall, consisting of cellulose and other mate- 
rials,  thickens  and  offers increasing  resistance  as  the  cell  grows  older.  The 
experiments of Jacques  .9 on growing cells of Valonia and of Halicystis showed 
that when this resistance was removed by piercing the cell wall with a  capil- 
lary tube,  the  cells continued  to live and water and ions entered more than 
ten times as fast as usual. 
Ionic  Exchange.--We  suppose that a  carrier molecule HR may react with 
KC1 to form KR and give up H + to the external solution. Likewise a  carrier 
molecule ROH may become RC1 and give up OH-. We  thus have ionic ex- 
change with carrier molecules and there  is no reason why anions and cations 
should  be taken up in equal numbers.  Such  unequal  absorption  is often ob- 
served.  *° For example, when K + is taken up in excess of anions the  solution 
may become more acid,  but when NOa-  is taken up in excess of cations the 
solution may become more alkaline. 
If ions went in without combining with organic molecules we should expect 
that positive and negative univalent ions would be taken up in equal numbers 
in order to preserve electrical neutrality. 
If the carrier molecules are amphoteric electrolytes, they will take up anions 
when  the pH is below their isoelectric point, and take up  cations when it is 
above their isoelectric point as illustrated by the experiments of Loeb  *t on gel- 
atin. 
Accordingly  we  find  that  raising  the  pH  promotes  the  intake  of 
K +  in  Valonia. 42  This  does  not  happen  in  Nitella, 4~  possibly  because  fewer 
carrier molecules are capable of combining with KOH. 
39 Jacques, A. G., J. Gen. Physiol.,  1938, 22, 147; 1939, 22, 757. 
4o Hoagland,  D.  R.,  Lectures on  the  Inorganic  Nutrition  of  Plants,  Waltham, 
Massachusetts,  Chronica Botanica, 1944, 61ft. Also Miller,  E. C.,  Plant  Physiology, 
New York, 1938, 227 ft. 
41 Loeb, J., Proteins and The Theory of Colloidal Behavior, New York, McGraw- 
Hill Book Co., Inc., 2nd revised edition,  1924. 
4-° Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1934, 17, 727. 
43 Jacques, A. G., and Osterhout, W. J. V., J. Go,. Physiol.,  1935, 18, 967. 590  MECHANISM  O17  ACCUMULATION IN  LIVING  CELLS 
Where most of the  carrier molecules are  amphoteric electrolytes,  it  seems 
reasonable that some will be above and others below their respective isoelectric 
points. 
This kind of ionic exchange might be relatively rapid which may account for 
the rapid exchange observed with tracer ions in many cases,  as in the experi- 
ment of S. C. Brooks  ~2 on Nitella. 
It would seem that ions in the protoplasm can exchange to a  very limited 
extent with ions in the external solution, passing in and out as free ions and 
not in combination with carrier molecules. 
We may then see  the exit not only of H + and  OH- but also of other ions. 
This kind of ionic exchange is more apt to occur in cells which  are unable to 
expand  as  already explained. 
If we have such a  cell and add to the external solution an ion which differs 
from those already present by its greater affinity for the carrier molecules and 
which therefore enters more rapidly, the total intake of electrolytes will  tend 
to exceed the total outgo. Hence the total internal concentration and osmotic 
pressure will  tend to rise,  thus causing water to enter and increase the size of 
the cell.  If this cannot take place the new ion cannot enter unless another ion 
comes out. To what extent this happens depends on circumstances,  but in any 
case the entrance  of a new univalent  ion will be accompanied by the exit of a 
univalent  ion  of  the  same  sign. 
If the forces causing the ion to enter are strong enough, we may expect the 
outgoing ion to move against a gradient. This will also be true if the internal 
electrolyte is not free in the solution but is adsorbed or chemically combined. 
Another condition may be stated as follows: let us suppose that CI- enters 
more slowly than K + either because it has less affinity for the carrier molecules 
or because  there  are fewer carrier molecules capable of combining with  C1-. 
In that  case K +  could enter more rapidly if another cation came out.  Since 
not  enough  CI- would  enter  to preserve  electrical  neutrality  if  K +  entered 
rapidly, it might be suggested that the exchange of ions of like sign and valence 
would not affect the energy of the system. But if K + inside is exchanged for 
Na  + outside so as to change the products (K  +) (CI-) and (Na  +) (C1-) inside the 
accumulation of these compounds will be changed. 
Let us now consider a  concrete illustration of these principles. 
In the marine alga Valonia**  the concentration of K + is 0.49 ~  and  that of 
Na  ÷ is 0.09 M.  In the sea water outside  the concentration of  K + is  0.012 
and that of Na  + is 0.498  M. When ammonia is added to the sea water,  NH4  + 
quickly appears in the sap and K + leaves the cell.  We find that Na  + does not 
come out but continues to enter. *s 
44 Osterhout,  W. J. V., Bot. Rev.,  1936, 2, 283. 
4~ Jacques,  A. G., and Osterhout,  W. J. V., J. Gen. Physiol.,  1930, 14, 301. Here 
growth was still going on but at a relatively  slow rate and the cell could not expand 
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The behavior of K + is in accordance with expectations for it goes out with 
the gradient  whereas Na  + would move against  the gradient  if it left  the cell. 
It would seem that  if K + did not leave the  cell,  little  NI-I,  +  would appear 
inside since the presence of NH,  + would increase the internal osmotic pressure 
and hence cause water to enter.  But this is possible only to a  relatively small 
extent since the expansion of the cellulose wall is very slow. 
It may be noted  that  K +  moves in and  out of Valonia  faster  than  Na+.  4s 
When  Valonia  2 is  placed  in  sea  water  containing  ammonia  we  find  that 
NI-I,  OH enters  in  molecular  form and  forms NH4  ~ inside  on account of the 
lower pH of the sap.  This is not accumulation of NH4  +  in the  usual sense of 
the term since it  involves no expenditure  of energy.  The activity of NH4OH 
does not become greater inside than outside. 
s 
When NI-I,  + has reached a  relatively high concentration  inside  we find  on 
placing the cell in sea water free from ammonia that NH4  + comes out and Na  + 
rather than  K +  moves  in.  This  might  be  expected  since  Na  +  outside  pre- 
dominates over Na  + inside and moves in with the gradient. 
Let us now consider some results of accumulation. These may be grouped as 
follows:-- 
Movement.--When  an  increase  of  internal  osmotic  pressure  and  turgor 
results from accumulation,  it causes the entrance of water and thus promotes 
growth. 
The  turgor due  to accumulation  is utilized  to produce a  variety of move- 
ments  in  plants.  These  include  slow  movements  due  to  growth  (including 
tropisms and the opening and the closing of flowers) as well as the rapid move- 
ments of irritable  tissues,  such as the leaves of the  sensitive plant  (Mimosa), 
which involve a  sudden loss of turgor. 
Electrical Potentials.--The  accumulation  of ions  in Nitella  sets up an out- 
wardly directed  diffusion potential  of about  100 inv.  This appears  to be  due 
chiefly to KCI. Many other cells have  potentials of this magnitude and when 
these are arranged in series we may get discharges of 500 volts as in the electric 
eel. 
We can show that the potentials depend on the salts in the protoplasm and 
in the vacuole of Nitella by changing the concentration of salts inside the cell. 
If we  select two places, A  and B,  on the  cell where  the  potentials  are  equal 
and  connect  them  through  a  galvanometer, a  we  find  that  when  we  apply 
water to A and a solution of sucrose to B water enters at A, passes  along inside 
the cell,  and emerges at B. In this process salts  are  carried  from A  to B  and 
4~ The fact that K + reaches a higher activity inside  but Na  + does not, shows that 
K + enters preferentially when combining with carrier molecules.  Electrical measure- 
ments show that K + has a  higher mobility in the non-aqueous surface layer of the 
protoplasm than Na  + and hence as a free ion would diffuse out more rapidly than Na  +. 
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they become more concentrated at B because they are unable to escape through 
the protoplasm. We find, as would be expected, that the potential falls off at 
A and increases at B. 
When the solution of sucrose at B is replaced by water the osmotic pressure 
at B is higher than at A so that water enters at B, passes along inside the cell, 
and escapes at A, thus carrying back to A the salts which were removed. The 
potential then returns  approximately to the original value at A  and at B. 
Excitation.--The loss of potential at any point causes a  disturbance which 
travels along the cell and constitutes the action current. This may be brought 
about  by  chemical,  electrical,  or  mechanical  alterations.  The  experiments 
indicate  that  excitation  is  associated  with  the  outward  movement  of  K +. 
If this is due to an electric current carrying K + outward,  it is evident that it 
must  be strong enough  to overcome what  may be called  the  "accumulative 
forces" which  constantly  operate  to move K +  inward.  This will  in part  de- 
termine  the  "threshold  value" of the  electrical current  needed  to stimulate. 
A current above the threshold value may fail to stimulate if applied too grad- 
ually; this may be due to failure to move K + outward faster than the accumu- 
lative forces can move it inward. 
If one part of the cell has a higher rate of accumulation than other parts and 
hence has a  higher potential,  it seems possible that it might become an elec- 
trical source and discharge into neighboring regions and thus become a  pace- 
maker. A  local deficiency in accumulation might cause a  spot to become an 
electrical sink into which neighboring regions could discharge and thus become 
pace-makers. 
Transfer of Water from Concentrated to Dilute Solulions.--It has been shown 
in  a  previous pape  r48  that  if the  internal  osmotic pressure  of a  Nitella cell 
becomes greater at one end, A, than at the opposite end, B, water may enter at 
A, pass along inside the cell, and escape at B even though the external osmotic 
pressure is greater at A than at B. It is evident that if accumulation is greater 
at A  than at B  the internal osmotic pressure will also be greater so that this 
process  may take  place.  This  might  explain  the  resorption  of  water  in  the 
kidney and the root pressure of plants. 
On this basis we might explain the process by which water and electrolytes 
enter the root and are forcibly driven upward. The root hairs and other external 
cells of the root have very different environments at the inner surface, which 
is in contact with the tissues of the root, from the outer surface, which  is in 
contact with  the external  solution,  so that  if accumulation  is greater at  the 
external  surface  water  and  electrolytes  may  be  forced  out  at  the  internal 
surface of the cell into the tissues of the root in which  the water moves up- 
ward. 
48 Osterhout, W. J. V., J. Gen. Physiol., 1949, 39., 559. w.  J.  v.  OSTER~OUT  593 
A  movement of water  alone might result  from differences in  metabolism. 
If a  substance like starch or glycogen of high molecular weight were broken 
down at A to substances of lower molecular weight, there would be an increase 
of internal osmotic pressure and water would enter at A, move along inside the 
cell, and escape at B. If the solutes were polymerized at B  and diffused back 
to  A,  the  process  could  be  repeated.  We  could  thus  have  an  intermittent 
transfer of water from the external solution at A  to the external solution at B 
even though the external osmotic pressure were higher at A. 
We may conclude by saying that accumulation depends on the fact that the 
non-aqueous  surface  layer  of  the  protoplasm  is  only  slightly  permeable  to 
ions.  If its permeability to ions increases, there will be exit of ions from the 
cell  if the  internal  concentration  of ions  is greater than  the  external.  If the 
permeability becomes complete and this is irreversible the cell may be regarded 
as  dead and this  condition may be shown by the penetration of such dyes as 
acid fuchsin and trypan blue which do not enter the normal cell except very 
slowly. This affords a very convenient test for death. 
No review of the various theoretical suggestions in the literature appears to be 
required at present. For a  recent discussion the reader is referred to an article 
by Ussing.  7 
S~RY 
When  a compound enters a living  cell  until  its  activity becomes greater in- 
side than outside, it may be said to accumulate. Since it moves from a region 
Where  its activity is relatively low to a  region where its activity is relatively 
high, it is evident that work must be done to bring this about. 
The following explanation is suggested to account for accumulation. 
The  protoplasmic  surface  is  covered  with  a  non-aqueous  layer  which  is 
permeable to molecules but almost impermeable to ions. Hence free ions can- 
not  enter  except in  very small numbers.  The experiments indicate  that  ions 
combine at the outer surface with organic molecules (carrier molecules) and are 
thus able to enter freely. If upon reaching the aqueous protoplasm these mole- 
cules are decomposed or  altered  so as  to  set  the  ions free,  the  ions must be 
trapped since they cannot pass out except in very small numbers. 
If we adopt  this point of view we can suggest answers to some important 
questions.  Among  these  are  the  following: 
1.  Why accumulation is confined to electrolytes. This is evident since only 
ions will be trapped. 
2.  Why ions appear to penetrate against a gradient. Actually there is no such 
penetration  since  the  ions  enter  in  combination  with  molecules.  The  energy 
needed  to  raise  the  activity  of  entering  compounds  is  furnished  by the  re- 
actions involved in the process of accumulation. 
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in  distilled  water.  Presumably  the  outgoing  ions  will  combine  at  the  outer 
surface with carrier molecules and then move inward in the same way as ions 
coming from without. 
4.  Why the relative rate of penetration falls off as the external  concentra- 
tion increases. This is because the  entrance of ions is limited by the number of 
carrier molecules but no such limitation exists when ions move outward since 
they can do so without combining with carrier molecules. 
5.  Why  accumulation  is  promoted  by  constructive  metabolism  which  is 
needed to build up the organic molecules and by destructive metabolism which 
brings about their decomposition. 
6.  Why measuring the mobilities of ions in  the  outer protoplasmic surface 
does not enable us to predict the relative rate of entrance of ions. We find for 
example  in  Nitella  that  K +  has  a  much  higher  mobility  than  Na  +  but  the 
accumulation of these ions does not differ greatly. This is to be expected ff they 
enter by combining with molecules at the surface. Only if K + is able to com- 
bine preferentially will  it  accumulate  preferentially. 
7.  Why  ions  may come  out  in  anoxia  and  at  low  temperatures.  If these 
conditions depress the formation of carrier molecules and their decomposition 
in  the protoplasm,  the balance between intake and  outgo of ions will be dis- 
turbed and relatively more may come out. 
8.  Why  the excess of  internal  over external  osmotic pressure  is  less in sea 
water than in fresh water. As the external concentration  of ions increases  the 
rate of intake does not increase in direct proportion since the number of carrier 
molecules does not increase and this slows down the relative rate of intake of 
ions.  But it does not slow  down  the rate of exit of ions since they need not 
combine with carrier molecules  in order to pass out. Hence the excess of ions 
inside will be relatively less as the concentration of external ions increases. 
9.  How  water  is  pumped  from  solutions  of  higher  to  solutions  of  lower 
osmotic  pressure.  If  metabolism  and  consequently  accumulation  is  higher 
at  one end  of a  cell than  at the  other,  the  internal  osmotic pressure will be 
higher at the more active end and this makes it possible for the cell to pump 
water  from  solutions  of  higher  osmotic  pressure at  the  more  active  end to 
solutions of lower osmotic pressure at the less active, as shown experimentally 
for Nitella.  This might help to explain the action of kidney cells and the pro- 
duction of root pressure in plants. 